Abstract. in this study, magnesium-zinc (mg-Zn) alloy was investigated as a biodegradable orthopedic implant. mc3t3-e1 cell attachment, mineralization and osteogenic-specific mRNA expression were assessed for as measurements of the in vitro biocompatibility of mg-Zn alloy. In vivo degradation of the mg-Zn alloy and the accompanying new bone formation in the femoral marrow cavity were analyzed by scanning electron microscopy and histomorphological analysis. results showed that mc3t3-e1 cells cultured on mg-Zn alloy samples manifested better attachment and mineralization ability, as well as improved mrna expression of collagen 1 α 1 (col1α1) and osteocalcin (oc), compared with cells seeded on poly-llactic acid (Plla) samples. In vivo experiments demonstrated that, compared with Plla materials, the mg-Zn alloy not only degraded faster, but was accompanied by considerable new bone formation around the samples. our data indicate that mg-Zn alloy has excellent biocompatibility for application as degradable bone implants.
Introduction magnesium (mg) alloys have mechanical properties close to those of the natural bone and may corrode at pH levels of 7.4-7.6 as well as in the high chloride environment of the physiological systems (1-3). these intriguing characteristics have attracted much attention with respect to biodegradable bone-implant applications. However, the major obstacles in the clinical use of mg-based materials are its rapid degradation rate (2,4). therefore, in order to make the use of mg-based materials feasible for orthopedic implantation, their corrosion resistance must be improved.
it is suggested that alloys, especially mg alloys containing rare earth elements, may be suited for the control of the corrosion rate (1,2). However, the potentially toxic effects of some rare earth elements on cells are noteworthy (5,6). extensive investigations have been conducted to screen suitable elements for biomedical mg alloys. ca has been selected to produce a binary Mg-Ca alloy for bone implants because it is beneficial to bone growth. an investigation by li et al indicated that a mg-ca alloy with about 1% ca content had optimal mechanical and corrosion properties (7), whereas a further increase in ca content led to deterioration in these properties (8). mn and Zn were also chosen as alloying elements (e.g., mg-mn-Zn) due to their good biocompatibility (9, 10) . it has been shown that the corrosion resistance of a mg-1.0 mn-1.0 Zn alloy in simulated body fluid (SBF) is slightly better than that of WE43 alloy (11). However, the biocompatibility of these samples with host tissue has not been comprehensively investigated.
in a previous study, we investigated the mg-Zn alloy as a biomedically degradable mg, and found that this alloy was degraded more slowly than the high-purity Mg in SBF (12). animal implant experiments have demonstrated that no disorders of the liver, heart, kidney, or blood composition have been caused by the degradation of mg-Zn alloys (12, 13) . results indicate that mg-Zn alloys are basically safe for biomedical applications. However, as an orthopedic biodegradable biomaterial, it should be tested for biocompatibility with osteoblasts and bone tissue. therefore, it is necessary to mimic the in vivo bio-environment using osteoblasts to study cell responses on the metallic interfaces. in this study, we cultured mouse pre-osteoblastic mc3t3-e1 cells with mg-Zn alloys. the in vitro biocompatibility of the mg-Zn alloy was investigated by assessing cell attachment, mineralization, and osteogenic-specific mRNA expression. For the assessment of bone responses to mg-Zn alloys, the in vivo degradation and new bone formation were subsequently determined.
Materials and methods
Sample preparation. mg-Zn alloy and high purity mg were produced and provided by Shanghai Aoruiji Medical Technology co., ltd. the chemical composition is shown in Cell attachment assay. attachment of mc3t3-e1 cells on the mg-Zn alloy were evaluated by cell counts and by scanning electron microscopy (SEM). PLLA was taken as the control material. The samples (diameter, 10 mm; height, 2 mm) were placed into a 24-well plate and seeded with a density of 1x10 5 cells/cm 2 . Then DMEM supplemented with 10% FBS, 0.05 mM L-ascorbic acid 2-phosphate (Sigma), and 10 mM β-glycerophosphate (Sigma) was added to each well. For the cell count assessment, after each time point (1, 2 and 4 h), the samples were washed with phosphate buffer solution (PBS) to remove the unattached cells. These were fixed in 95% ethanol, followed by incubation with 0.01% acridine orange for 10 min. The cells were observed using a fluorescence microscope (nikon eclipse 80i, tokyo, japan) with a 495-nm incident filter. Using the image analysis software, image-Pro Plus (Media Cybernetics, Bethesda, MD, USA), five visual fields were included in each sample, and the results were expressed as the number of cells at x100 magnification. For the SEM assay, at the 2-h time point, the samples were washed with PBS, fixed in 2.5% glutaraldehyde, dehydrated with graded ethanol (50, 70, 80, 90, 95, 99 and 100%) , and finally critical-point dried and gold-sputter-coated. Then they were examined using the SEM.
Osteogenic mineralization. mc3t3-e1 cells were seeded on the mg-Zn alloy or Plla at a density of 1x10 5 cells/well in 24-well plates. the cells were cultured in dmem supplemented with 10% FBS, 0.05 mM L-ascorbic acid 2-phosphate, and 10 mm β-glycerophosphate. the medium was changed every 3 days. after 21 days, the medium was replaced by ambramycin (50 µg/ml solution) and incubated for 30 min, followed by washing with PBS, and the cells were fixed in 95% ethanol. The mineralized nodule was observed by using a fluorescent microscope with a 495-nm incident filter. the area of the nodule was calculated by using the image analysis software, image-Pro Plus, and expressed as the mineralized nodule area on the surface of a single material.
Qualitative real-time PCR. cell seeding on the mg-Zn alloy and Plla was performed as an assessment of osteogenic mineralization ability. total-rna was extracted using the TRizol reagent (invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Complementary DNA was synthesized using a PrimeScript first Strand cDNA Synthesis kit (Takara Biotechnology, Dalian, China). Reactions were performed in a PTC-200 Thermal Cycler PCR machine (BioRad, Waltham, MA, USA). Real-time PCR was performed using a quantitative real-time amplification system (LightCycler 480, Roche, Switzerland). SYBR-green Premix ex taq ii (takara) was used in each reaction. reactions were performed at 40 cycles (95˚C for 5 sec, 55˚C for 30 sec, and 72˚C for 30 sec). Primers used for real-time Pcr were as follows: collagen 1 α 1 (col1α1), 5'-gCTCCTCTTAggggCCACT-3' and 5'-CCACgTCTCACCATTgggg-3'; alkaline phosphatase (ALP), 5'-CCAACTCTTTTgTgCCAgAgA-3', and 5'-ggC TACATTggTgTTgAgCTTT-3'; osteocalcin (oC), 5'-gCA ATAAggTAgTgAACAgACTCC-3' and 5'-gTTTgTAgg CggTCTTCAAgC-3'; and gAPDh, 5'-gAgTCAACgg ATTTggTCgT-3' and 5'-gA CAAgCTTCCCgTTCTCAg-3'. results were normalized against the gaPdH housekeeping gene, and relative gene expression was analyzed using the 2 -ΔΔCt method. each measurement was assessed in triplicate.
In vivo degradation and histological evaluation. animal experiments were approved by the ethics committee of Shanghai Jiaotong University. A total of 24 adult New Zealand rabbits with a body weight of 2.0-2.5 kg were used in this study. the rabbits were randomly divided into two groups. in both the experimental and control groups, same-size rods (mg-Zn alloy rod for the experimental group and Plla rod for control group) were implanted in the femoral marrow cavity of each rabbit. Before surgery, a dose of 30 mg/kg sodium pentobarbital was administered by i.v. injection. Postoperatively, all rabbits received a subcutaneous injection of penicillin as a prophylactic antibiotic. after 12 weeks of implantation, the bone samples with implants were fixed in 2.5% glutaraldehyde solution followed by embedding in methyl methacrylate. the embedded samples were then cut into 100-µm sections, then microground to table i. chemical composition of the mg-Zn alloy and of high purity mg. 50-70 µm thickness. for the in vivo degradation assay, the cross-section microstructure was observed under an optical microscope and an SEM. For histological evaluation, the crosssection of the implant and surrounding bone tissue were stained with van gieson and observed using an optical microscope.
Results
Cell attachment assay. mc3t3-e1 cell attachment capacity on mg-Zn alloys was determined by acridine orange staining and SEM analysis. Differences in the cellular responses to the different surfaces were obvious. table ii shows that more mc3t3-e1 cells attached to the surface of the mg-Zn alloy than to the Plla at the 1-h, 2-h and 4-h time points (P<0.05). Similar findings were demonstrated by SEM assays. After 2 h in culture, in comparison with the Plla, more cells had spread and attached to the surface of the mg-Zn alloy ( fig. 1 ).
Osteogenic mineralization. the effects of mg-Zn alloy on mineralized nodule formation of mc3t3-e1 cells were determined by ambramycin staining. the area of mineralized nodules formed on the surface of the mg-Zn alloy was greater (P<0.05) than that formed on the Plla samples ( fig. 2) .
Qualitative real-time PCR. osteogenic-specific mRNA derived from mc3t3-e1 cells was assessed for the expression of col1α1, alP and oc transcripts. mc3t3-e1 cells seeded on both mg-Zn alloy and Plla samples expressed mrna of col1α1, alP and oc ( fig. 3 ). on day 3, col1α1 was highly expressed in both groups, then decreased with time. the expression level of col1α1 transcript in the mg-Zn alloy group was significantly higher than in the PLLA group after 3 days. alP mrna expression reached a peak value at day 6, followed by a steady decrease in the remaining culture periods. alP transcript expression did not show a statistical difference between the two sample groups. oc mrna transcript revealed a lower level at an early culture stage and reached a typical peak on day 15, followed by a slight decrease. on day 12, oc mRNA was expressed at a significantly higher level in the mg-Zn alloy group than in the Plla group.
In vivo degradation and histological evaluation. cross-sectional SEM and optical images of the bone and implants are shown in fig. 4 . after 12 weeks implantation, all mg-Zn alloy implants were tightly fixed. Meanwhile, the shape of the Mg-Zn implant changed from a rod to an irregular shape, indicating that the implant had been corroded or degraded by body fluids. compared with the mg-Zn implant, Plla degraded slowly in vivo (Fig. 4a and b) . A filmy, fibrous membrane was seen at the interface between the Plla implant and the bone tissue (Fig. 4d) . however, the fibrous membrane was not present at the alloy-bone interface ( fig. 4c) .
Biodegradation of implants and new bone formation were also determined by van gieson staining. fig. 5 shows the optical microstructure of the implant-bone interfaces 12 weeks after implantation. it can be seen ( fig. 5a and b) that the mg-Zn alloy implants have markedly degraded; a degraded layer is clearly seen around the Mg-Zn alloy implants. No inflammation or fibrous membrane formation is seen at the bone-alloy interface. in addition, abundant, newly formed bone can be observed surrounding the degradation layer. the bone trabeculae are connected and regularly aligned. However, the Plla implants degraded slowly when compared with the mg-Zn alloy implants. As indicated in Fig. 5c and d, a continuous fibrous membrane was formed between the Plla implants and bone tissue. in comparison with the mg-Zn alloy, a relatively small amount of new bone was formed around the Plla implants.
Discussion
mg alloy has been regarded as a promising candidate for bone implants because of its biodegradability and special mechanical properties (3). mg 2+ is one of the most important bivalent ions associated with the formation of biological apatite, it can directly influence bone resorption, and it can be an important factor in bone metabolism (14, 15) . further, the elastic module of mg alloys is close to that of human bone. therefore, it can minimize the 'stress shielding' phenomenon (3), which is usually caused by current stainless steel or titanium alloy implants. However, for orthopedic implants, two basic issues should be resolved before the clinical application of mg alloys. one is its rapid degradation rate and consequent release of hydrogen gas, which may lead to the loss of internal fixation and result in adverse effects on the surrounding tissue. it is believed that corrosion resistance can be improved through surface modification and alloying methods (3, 9, (16) (17) (18) . The other critical issue is that implants should be totally biocompatible with bone tissue and be beneficial to osteoblastic growth and differentiation.
in our previous study, the in vitro degradation rate of mg-Zn alloy was confirmed to be much lower than that of high-purity Mg in SBF (12). in this study, we focus on its biocompatibility with osteoblasts for orthopedic applications. at the same time, we also determined implant-bone integration and new bone formation.
the effects of mg-Zn alloys on preosteoblast cell responses were assessed by measuring cell attachment, and osteogenic differentiation. according to the above experiments, the attachment and differentiation of mc3t3-e1 cells seeded on Mg-Zn alloy substrates was more efficient compared to that of cells cultured on Plla samples. mg is known to be active in cell-adhesion mechanisms (19, 20) , and to be necessary for calcium incorporation (21). research has shown that modifying biomaterials with mg 2+ results in an increase in osteoblast adhesion (22), and mg-substituted tricalcium phosphate has been confirmed to stimulate cell proliferation and the synthesis and secretion of collagenase (23). Zn 2+ also plays a vital role in controlling the function of osteoblasts, increasing osteoblastic adhesion and upgrading the level of alP (24). in addition, Zn and mg ions in the coating may promote osteogenesis due to their stimulatory effects on osteoblastic cell proliferation and bone formation. a recent study has also indicated that cell adhesion is associated with their surface ability to adsorb extracellular matrix (ecm) proteins (25). the enhanced ability to adsorb proteins, such as vitronectin and fibronectin, results in better cell attachment to biomaterials. osteoblastic cells express fibronectin in contact with biomaterials, which mediate cell attachment and proliferation (26, 27) . in addition, proteins such as ecm proteins, cytoskeletal proteins, and membrane receptors are generally involved in cell-substrate interactions. interactions between these proteins and their specific receptors induce signal transduction, which consequently influences cell adhesion, growth, and differentiation (28). furthermore, different biomaterial surface properties are reflected in the ecm, in particular, the molecular architecture of the ecm, including protein conformation (29, 30) . This directly influences the ability of the cells to form adhesion complexes and ultimately affects many aspects of cell behavior.
to further investigate the effect of mg-Zn alloy on the osteogenic differentiation of preosteoblasts, we evaluated the osteogenic-specific mRNA expression of CoL1α1, alP and oC. ALP is an early marker for osteogenic differentiation; the expression level of alP is a key factor in determining osteoblast differentiation (31). col1α1 is an essential component in bone formation, it contributes to matrix production, and it is associated with early-stage osteogenic differentiation (32). oc is the most abundant non-collagenous protein in bone, and it is a bone-specific marker for terminal osteoblast differentiation. in the present study, we have shown that mc3t3-e1 cells seeded on both mg-Zn alloy and Plla samples expressed col1α1, alP and oc mrna. it is worth noting that mc3t3-e1 cells seeded on Mg-Zn alloy samples showed a significantly higher mrna expression of col1α1 and oc than cells cultured on Plla samples at different time points. it is likely that the reason for this observation is that interactions between the mg-Zn alloy and mc3t3-e1 cells promote the synthesis of ECM and thereby benefit from osteogenic differentiation of mc3t3-e1 cells. it also appears that mg-Zn alloy can serve as a suitable substrate for cultivation of osteoblasts.
the in vivo responses of mg-Zn alloy and the new bone formation were assessed by SEM and histological evaluation. after 12 weeks of implantation, newly formed bone was found around the implants of both mg-Zn alloy and Plla samples. No inflammation occurred at the interfaces of the bone or the implants. We can conclude that, similar to PLLA, Mg-Zn alloy has good biocompatibility with bone tissue. When we compared the amounts of new bone formation, we found that there were larger amounts of newly formed bone around the mg-Zn alloy implants than were around the Plla samples. this might be explained by the release of low levels of mg and Zn ions, which have been reported to enhance osteoblastic activity and promote new bone formation (22, 33, 34) . optical images and SEM microstructure images clearly showed that a degradation layer had formed on the surface of the mg-Zn alloy implants. new bone tissue was in contact with the mg-Zn alloy through this degradation layer. in contrast, there was a lager gap and a continuous fibrous membrane at the interface of the bone and the Plla implants. in the current study, although large amounts of new bone formed around the mg-Zn alloy, there were small gaps at the interface of the bone and residual mg-Zn alloy. it seems that the degradation rate of mg-Zn alloy in the femoral marrow cavity is faster than the rate of new bone formation. therefore, further studies are needed to control the degradation rate of mg-Zn alloy so as to match the rate of new bone formation.
in conclusion, in the present study, mg-Zn alloy was investigated as a biodegradable orthopedic implant material, including its biological compatibility with preosteoblasts, and bone. mc3t3-e1 cells cultured on mg-Zn alloy samples showed better attachment, and mineralization ability, as well as improved mrna expression of col1α1 and oc, compared with cells seeded on Plla samples. animal implant experiments indicated that mg-Zn alloy degraded faster than Plla samples. at the same time, considerable new bone was formed around the mg-Zn alloy samples. in a word, mg-Zn alloys have excellent biocompatibility as degradable metallic materials for orthopedic application.
